Sirtuin 3 (SIRT3) deacetylates and regulates many mitochondrial proteins to maintain health, but its functions are depressed in aging and obesity. The best-studied sirtuin, SIRT1, counteracts aging-and obesity-related diseases by deacetylating many proteins, but whether SIRT1 has a role in deacetylating and altering the function of SIRT3 is unknown. Here we show that SIRT3 is reversibly acetylated in the mitochondria and unexpectedly is a target of SIRT1 deacetylation. SIRT3 is hyperacetylated in aged and obese mice, in which SIRT1 activity is low, and SIRT3 acetylation at Lys 57 inhibits its deacetylase activity and promotes protein degradation. Adenovirus-mediated expression of SIRT3 or an acetylation-defective SIRT3-K57R mutant in diet-induced obese mice decreased acetylation of mitochondrial long-chain acyl-CoA dehydrogenase, a known SIRT3 deacetylation target; improved fatty acid ␤-oxidation; and ameliorated liver steatosis and glucose intolerance. These SIRT3mediated beneficial effects were not observed with an acetylation-mimic SIRT3-K57Q mutant. Our findings reveal an unexpected mechanism for SIRT3 regulation via SIRT1-mediated deacetylation. Improving mitochondrial SIRT3 functions by inhibiting SIRT3 acetylation may offer a new therapeutic approach for obesity-and aging-related diseases associated with mitochondrial dysfunction.
The sirtuins are NAD ϩ -dependent protein deacetylases that play critical roles in metabolism, stress responses, and aging processes (1) (2) (3) (4) (5) . Among the seven mammalian sirtuins, SIRT1 3 is best-studied and mediates transcriptional responses to fasting, exercise, or caloric restriction by deacetylating histones and non-histone gene regulatory proteins, including the key metabolic regulators, PGC-1␣ and SREBP-1 (6 -8) . Expression and enzymatic activity of SIRT1 are aberrantly low in both aging and obesity, and activation of SIRT1 delays and improves many diseases related with these conditions (1-5, 8 -11) . SIRT1 has received great attention as a drug target because the activity of SIRT1 can be enhanced by natural or synthetic SIRT1 activators (12) or dietary supplements that increase cellular levels of a key enzymatic co-factor, NAD ϩ (13, 14) . Although SIRT1 deacetylates many cellular proteins, whether SIRT1 can deacetylate and alter the function of other sirtuin members has not been described.
Mitochondrial SIRT3 deacetylates and regulates the activity of proteins involved in mitochondrial functions, including intermediary metabolism, fatty acid oxidation, the urea cycle, and the oxidative stress response (15) (16) (17) (18) (19) . Mice lacking SIRT3, but not the other mitochondrial sirtuins, SIRT4 or SIRT5, exhibited global mitochondrial protein hyperacetylation (20) , indicating that SIRT3 is the major mitochondrial deacetylase. Indeed, the global mitochondrial acetyl-proteome was markedly reprogrammed in SIRT3-KO mice (21) . Although SIRT3-KO mice fed normal chow did not show a metabolically remarkable phenotype (20) , development of metabolic syndromes, such as adiposity, insulin resistance, and liver steatosis, were accelerated by chronically feeding these mice a high-fat diet (HFD) (22) . Intriguingly, a genetic polymorphism that increases SIRT3 function has been associated with extreme longevity in humans (23) , and conversely, a mutation of SIRT3 that reduces its activity is associated with increased risk for metabolic syndrome (22) . The expression and enzymatic activity of SIRT3 are reduced in obesity and aging (15, 22, 24) , but the underlying mechanisms are not clearly understood.
In this study, we show that the acetylation state of SIRT3 is regulated post-translationally by SIRT1 deacetylation. SIRT3 is acetylated at Lys 57 and is hyperacetylated in both aged and obese mice, conditions in which SIRT1 deacetylase function is low. Utilizing acetylation-mimic and -defective Lys 57 -SIRT3 mutants, we provide evidence that acetylation of SIRT3 leads to decreased SIRT3 protein stability and deacetylase activity and increased levels of acetylated mitochondrial long-chain Acyl-CoA dehydrogenase (LCAD), a known target of SIRT3 deacetylation (16) , which contributes to impaired fatty acid oxidation, liver steatosis, and glucose intolerance in HFD-induced obese mice.
Results

SIRT3 interacts with SIRT1 in the liver mitochondrial fraction
Analysis of proteins that co-immunoprecipitated with mouse SIRT3-FLAG in the mitochondrial fraction of mouse liver extracts by LC-MS identified a SIRT1 peptide (not shown). Although identification of SIRT1 by this method did not quite reach statistical significance, we examined this possible interaction further because SIRT1 had not been reported as a SIRT3-interacting protein, and it was unexpected because SIRT1 is predominantly a nuclear protein.
To examine whether a minor fraction of SIRT1 is present in the mitochondria, endogenous SIRT1 and SIRT3 protein levels in subcellular fractions of mouse liver extracts were determined. SIRT3 was predominantly mitochondrial, whereas SIRT1 was mainly nuclear, but a small fraction of SIRT1 was detected in the mitochondrial fraction (Fig. 1A) . The interaction between SIRT3 and SIRT1 in the mitochondrial fraction was confirmed by CoIP ( Fig. 1B and supplemental Fig. S1 ). Remarkably, their interaction was substantially increased in fasted mice (Fig. 1B) . In immunofluorescence studies in Hepa1c1c7 cells, whereas endogenous SIRT3 is localized in the mitochondria as expected, endogenous SIRT1 is broadly distributed in the cell, and co-localization of SIRT1 with SIRT3 and of SIRT1 with the mitochondrial marker was detected (Fig. 1C ). In GST-pulldown experiments, SIRT3 interacted with SIRT1 through its N-terminal region (Fig. 1D) , and both the catalytic and C-terminal domains of SIRT1 interacted with SIRT3 ( Fig. 1E ). These results provide evidence that a small fraction of SIRT1 interacts with SIRT3 in the liver mitochondria.
SIRT3 is hyperacetylated in SIRT1-LKO mice and in aged or obese mice
To determine the functional significance of the interaction of SIRT3 with SIRT1, we first tested whether the acetylation status of SIRT3 is regulated by SIRT1. Ectopic expression of SIRT1 in Cos-1 cells dramatically decreased the level of acetylated SIRT3-FLAG, and conversely, down-regulation of SIRT1 increased the acetylated SIRT3 level by more than 2-fold ( Fig.  2A) . These results suggest that SIRT3 is reversibly acetylated, and the SIRT3 acetylation level is regulated by SIRT1.
To test directly whether SIRT3 is a substrate for SIRT1 deacetylation, in vitro assays were performed using SIRT1-WT and two SIRT1 mutants having decreased activity, H363Y (25) and S164D (10) that were expressed in and immunoprecipitated from Cos-1 cells. The addition of SIRT1-WT, together with NAD ϩ , led to a substantial decrease in acetylated SIRT3 levels (Fig. 2B, lanes 3 and 4) , but these SIRT1-mediated effects were not observed with either the H363Y or S164D SIRT1 mutant (Fig. 2B, lanes 5 and 6) . Similar results for SIRT1-WT were observed using commercially available purified SIRT1 (supplemental Fig. S2 ). Acetylation levels of SIRT3-WT or the catalytically inactive H248Y-SIRT3 mutant (16, 20) were not changed by incubation of these proteins with NAD ϩ (Fig. 2B , lanes 1, 2, 7, and 8), indicating that SIRT3 does not undergo autodeacetylation. These results suggest that SIRT3 is a direct target of SIRT1 deacetylation in vitro.
We next determined whether the acetylation level of endogenous SIRT3 in mouse liver is regulated by SIRT1 in vivo utilizing SIRT1-LKO mice. Subcellular fractions of livers from control littermates or SIRT1-LKO mice were prepared ( Fig. 2C , left panel), and acetylation of SIRT3 in the mitochondrial fraction was determined by IP/IB. Levels of acetylated endogenous A, subcellular fractionation of mouse liver extracts was performed, and endogenous SIRT1 and SIRT3 in each fraction were determined by IB. B, interaction between SIRT1 and SIRT3 in the mitochondrial fractions from fasted (fs) or fed (fd) mice was examined by CoIP, and the membrane was stripped and reprobed with SIRT3 antibody. Protein levels in the input samples are shown below. The results from two mice are shown. C, endogenous SIRT1, SIRT3, and a mitochondrial DNA marker (Red2-Mito) were detected in Hepa1c1c7 cells by immunofluorescence. In the merged image, co-localization of SIRT1 with SIRT3 and the mitochondrial marker is indicated by arrows. Scale bar, 10 m. D and E, GST-pulldown assays. D, schematic of the fragments of SIRT3 that were fused to GST (left panel). GST-SIRT3 fusion proteins were incubated with FLAG-SIRT1, and bound FLAG-SIRT1 was detected by IB (right panel). E, schematic of the fragments of SIRT1 that were fused to GST (left panel). GST-SIRT1 fusion proteins were incubated with SIRT3, and bound SIRT3 was detected by IB (right panel).
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mitochondrial SIRT3 were higher in the SIRT1-LKO mice than in the control mice, even though SIRT3 protein levels were markedly decreased in the SIRT1-LKO mice (Fig. 2C , center and right panels). These results, together with the cell and in vitro studies above, provide evidence that the SIRT3 acetylation status is regulated by SIRT1.
Because SIRT1 function is depressed in both obesity and aging and levels of its enzymatic co-factor, NAD ϩ , are decreased in these conditions (26, 27) , we examined acetylated SIRT3 levels in aged mice and in HFD-induced obese mice.
Intriguingly, in liver mitochondrial fractions, acetylation levels of endogenous SIRT3 are elevated in both aged and obese mice compared with young lean mice ( Fig. 2D , left panel), even though SIRT3 protein levels were markedly decreased ( Fig. 2D , center panel; quantitation in right panel). These results show that SIRT3 acetylation levels in the liver are increased in SIRT1-LKO mice and in aged or obese mice. Because SIRT1 function is aberrantly low in aged or obese animals, these results are consistent with the conclusions that SIRT1 regulates the acetylation level of SIRT3 and that A, in-cell deacetylation assay. Cos-1 cells were transfected with expression plasmids for SIRT3-FLAG, SIRT1, and siRNA for SIRT1 or control RNA as indicated, and acetylated (Ac)-SIRT3 levels were determined by IP/IB (left panel) as described under "Experimental procedures." Input SIRT1 and SIRT3-FLAG protein (M2) levels are shown (middle panel). SIRT3 band intensities were measured, and Ac-SIRT3 levels relative to total SIRT3 levels were calculated (right panel). B, in vitro deacetylation assay: Cos-1 cells were transfected with expression plasmids for SIRT1-WT and its mutants having decreased activity, H363Y or S164D, and for SIRT3-WT or its catalytically inactive mutant, H248Y. FLAG-SIRT1 and SIRT3-FLAG proteins were immunoprecipitated and used for in vitro deacetylation assays in the presence or absence of NAD ϩ for 1 h. Ac-SIRT3 levels and protein levels in the input samples were detected by IB. C, quality of the subcellular fractionation of livers of littermates (Control) and SIRT1-LKO mice (LKO) was assessed by IB of markers (left panel). Acetylation levels of endogenous SIRT3 in the mitochondrial fraction were determined by IP/IB (middle panel), and input SIRT3 protein levels are shown below. Ac-SIRT3 levels relative to total SIRT3 levels were quantified (right panel). D, the mitochondrial fraction was isolated from livers of aged (20 months) and obese mice fed a HFD for 16 weeks, and Ac-SIRT3 levels were determined by IP/IB (left panel). Input SIRT3 and cytochrome c levels are shown (middle panel). Quantification of Ac-SIRT3 levels relative to total SIRT3 levels is shown (right panel). In A, C, and D, three independent experiments were done, and statistical significance between the indicated two groups was determined by the Student's t test (S.E., n ϭ 3). *, p Ͻ 0.05; **, p Ͻ 0.01.
the low SIRT1 function contributes to hyperacetylation of SIRT3 in aged and obese mice.
Lys 57 is the acetylation site in SIRT3
The site of acetylation in SIRT3 was identified by tandem mass spectrometry analysis. Mouse SIRT3-FLAG was adenovirally expressed in livers of mice chronically fed a HFD, and SIRT3-FLAG in the mitochondrial fraction was purified under stringent conditions with SDS in the buffers (Fig. 3A) . Lys 57 was the only acetylated site identified in SIRT3 in HFD obese mice by this analysis (Fig. 3B ).
To confirm Lys 57 as the acetylation site in SIRT3, Lys 57 was mutated to Arg, and acetylation of SIRT3-FLAG was assessed by an in-cell acetylation assay. Acetylation of exogenously expressed WT SIRT3-FLAG was detected in Cos-1 cells, and mutation of Lys 57 eliminated SIRT3 acetylation, whereas mutation of Lys 223 to Arg as a negative control did not ( Fig. 3C ). We also tested whether SIRT3 can deacetylate itself utilizing a catalytically inactive SIRT3 mutant, H248Y (16, 20) . Consistent with the results from in vitro studies above ( Fig. 2B ), the levels of acetylated H248Y-SIRT3 and SIRT3-WT were similar ( Fig.  3D ), suggesting that SIRT3 does not autodeacetylate. These results indicate that SIRT3 is a target of post-translational acetylation at Lys 57 and are consistent with the direct interaction of SIRT3 and SIRT1 through the N-terminal domain of SIRT3 and catalytic and C-terminal domain of SIRT1 ( Fig. 1 , G and H). Remarkably, Lys 57 in mouse SIRT3 (Lys 122 in humans) is highly conserved among species from human to yeast ( Fig.  3E ), suggesting the functional importance of this residue.
Expression of SIRT1 or acetylation-defective K57R-SIRT3 increases the stability of SIRT3
Reversible protein acetylation profoundly modulates multiple protein functions, including subcellular localization, protein-protein and protein-DNA interaction, enzymatic activity, and protein stability (16, 28 -30) . Protein levels of endogenous SIRT3 in mitochondrial fractions were decreased, and conversely, its acetylation levels were increased in aged, HFD obese, and SIRT1-LKO mice (Fig. 2, C and D) , which suggests that acetylation of SIRT3 may influence protein stability. To test this idea, SIRT3-FLAG was expressed in Cos-1 cells, and the effects of exogenous expression or down-regulation of SIRT1 on SIRT3-FLAG protein levels were measured with time after inhibition of protein synthesis with cycloheximide (CHX). Sur- A, experimental outline. B, tandem mass spectrum identifying Lys 57 as the only detectable acetylation site in SIRT3 in HFD mouse liver. C and D, in-cell acetylation assays, Cos-1 cells were transfected with expression plasmids for WT SIRT3-FLAG or the SIRT3 mutants, K57R-SIRT3, catalytically inactive H248Y-SIRT3, or K223R-SIRT3 as a negative control, and Ac-SIRT3-FLAG levels were determined by IP/IB (left panel). Input SIRT3-FLAG protein levels are shown (right panel). In C, the SIRT3 band intensities were quantified, Ac-SIRT3 levels relative to total SIRT3 levels were calculated, and mean values Ϯ S.E. are presented (n ϭ 3 independent assays) (right panel). In D, consistent results were observed in two independent assays. E, amino acid sequences adjacent to Lys 57 in SIRT3 in the indicated species.
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prisingly, SIRT3-FLAG was rapidly degraded after CHX treatment with a half-life ϳ45 min ( Fig. 4, A-D) . Exogenous expression of SIRT1 reduced the degradation rate of SIRT3, whereas down-regulation of SIRT1 increased it (Fig. 4, A and B) .
We further determined the effects of mutation of Lys 57 on the stability of SIRT3. The degradation rate of the acetylationdefective K57R-SIRT3 mutant was markedly reduced compared with SIRT3-WT, whereas that of the acetylation-mimic K57Q-SIRT3 mutant was modestly, although significantly, increased ( Fig. 4, C and D) . The reason for the modest effect of the K57Q mutation, compared with the K57R mutation, on protein degradation is not clear but may be due to substantial basal levels of acetylated WT-SIRT3 in these cells, as detected by pan-acetyl-lysine antibody ( Fig. 2A) . These results indicate that acetylation of SIRT3 at Lys 57 promotes protein degradation.
To further test whether SIRT1-mediated deacetylation of SIRT3 at Lys 57 affects SIRT3 stability, we examined the effect of co-expression of SIRT1 or a catalytically inactive H363Y-SIRT1 mutant (25) with SIRT3-WT or K57R-SIRT3 on the stability of SIRT3. Because hepatic factors may affect the degradation rate of SIRT3, these experiments were done in primary mouse hepatocytes. In hepatocytes, the degradation rate of SIRT3-FLAG was very rapid, with a half-life shorter than 30 min (Fig. 4E ). The degradation rate of SIRT3-WT was decreased by addition of SIRT1-WT but not by addition of catalytically inactive SIRT1 mutants as expected ( Fig. 4E ). Compared with SIRT3-WT, the degradation rate of the K57R-SIRT3 mutant was relatively insensitive to the addition of SIRT1-WT or H363Y mutant. These results indicate that acetylation of SIRT3 at Lys 57 , regulated by SIRT1, promotes SIRT3 protein degradation.
Figure 4. Expression of SIRT1 or the acetylation-defective K57R mutation of SIRT3 increases the stability of SIRT3.
A and B, Cos-1 cells were transfected with plasmids for SIRT3-FLAG and SIRT1 or siRNA for SIRT1 or control RNA as indicated. C and D, Cos-1 cells were transfected with plasmids for SIRT3-FLAG WT, K57R-SIRT3, or K57Q-SIRT3 mutant. E, primary mouse hepatocytes were transfected with plasmids for SIRT3-FLAG WT or K57R-SIRT3 mutant in the presence of SIRT1-WT or a catalytically inactive H363Y mutant. A-E, after 36 h, the cells were treated with CHX for the indicated times, and protein levels of SIRT3-FLAG and GAPDH as control were determined by IB. The SIRT3-FLAG band intensities relative to the 0-min time point are plotted on the right. Three (E) to six (A-D) independent CHX experiments were done, and statistical significance was determined by the Student's t test (S.E., n ϭ 3-6). *, p Ͻ 0.05; **, p Ͻ 0.01.
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In addition to effects on protein stability, acetylation of SIRT3 may also affect its activity. We thus determined the deacetylase activities of acetylation-defective K57R-SIRT3 and acetylation-mimic K57Q-SIRT3. In assays utilizing SIRT3 substrate peptides with a C-terminally attached fluorophore (31) , deacetylase activity of the acetylation-mimic K57Q mutant was substantially decreased compared with SIRT3-WT or the acetylation-defective K57R SIRT3 mutant ( Fig. 5A ). We also examined the effects of these mutations on acetylation levels of LCAD, a known SIRT3 deacetylation target (16) . SIRT3 promotes fatty acid oxidation in the liver by deacetylating and enhancing the activity of mitochondrial enzymes, including LCAD, under fasting conditions (16, 32) . The acetylation level of LCAD (16, 33) has been shown to be increased by chronic HFD feeding (22) . The addition of SIRT3-WT or the acetylation-defective K57R-SIRT3 mutant led to decreases in levels of acetylated LCAD similar to basal levels, whereas this decrease was not observed with the acetylation-mimic K57Q mutant (Fig. 5B) . These results indicate that the intrinsic deacetylase activity of SIRT3 is reduced by the acetylation at Lys 57 .
Acetylation-mimic K57Q mutation of SIRT3 at Lys 57 results in increased acetylation of LCAD in vivo and impaired ␤-oxidation
To further determine whether acetylation of SIRT3 at Lys 57 influences its activity on LCAD deacetylation in mice in vivo, SIRT3-WT, an acetylation-defective K57R mutant or an acetylation-mimic K57Q mutant were adenovirally expressed in liv- Figure 5 . Acetylation-mimic mutation of SIRT3 at Lys 57 results in decreased SIRT3 activity and increased acetylation of LCAD, which is associated with increased long-chain acylcarnitine levels. A, Fluor-de-Lys in vitro deacetylase assay. Fluorescently labeled Ac-substrate histone peptide was incubated with SIRT3-FLAG WT, K57R, or K57Q that was immunoprecipitated from Cos-1 cell extracts, and SIRT3 deacetylase activity was measured as described under "Experimental procedures." Statistical significance between SIRT3-WT and K57Q was determined by the Student's t test (S.E., n ϭ 3, ** p Ͻ 0.01). B, in vitro deacetylase assay: FLAG-LCAD proteins bound to M2 agarose were incubated with SIRT3-WT, K57R, or K57Q mutant in vitro in the presence of NAD ϩ for 1 h, and Ac-LCAD levels and protein levels in the input samples were detected by IB. Consistent results were observed from two independent assays. C-G, effects of SIRT3 Lys 57 mutations on LCAD acetylation levels and liver acylcarnitine levels in vivo. C, experimental outline (five mice/group). D, SIRT3 and control GFP protein levels detected by IB in liver extracts from mice fed a ND or HFD and infected with control Ad-GFP or Ad-GFP-SIRT3-WT, Ad-GFP-K57R-SIRT3, or Ad-GFP-K57Q-SIRT3. E, acetylated LCAD levels were determined by IP/IB and input protein levels were detected by IB. In D and E, liver samples from three mice from the total of five mice in each group were randomly selected and used for IB. F and G, liver acylcarnitine levels (F) and serum ␤-hydroxyl butyrate levels (G) in HFD mice were detected by metabolomic analysis. Statistical significance between K57R and K57Q groups was determined by the Student's t test (S.E., n ϭ 5). *, p Ͻ 0.05; **, p Ͻ 0.01.
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ers of dietary obese mice for 3 weeks (Fig. 5, C and D) , and levels of acetylated LCAD were determined. Similar levels of SIRT3-WT and the mutants were detected in liver extracts, even though the stability is affected by the mutants in cells (Fig.  4 ). This may be due to overexpression of the proteins in vivo, which diminishes the differences in stability. Protein levels of endogenous SIRT3 in the liver extracts were markedly decreased in HFD mice compared with lean ND mice injected with control Ad-GFP ( Fig. 5D ) as shown in previous studies (22) .
Acetylated levels of LCAD were readily detected in HFD obese mice as previously reported (22) but were substantially reduced below detection levels by exogenous expression of SIRT3-WT or the acetylation-defective K57R mutant (Fig. 5E ). In contrast, levels of acetylated of LCAD were substantially higher for the acetylation-mimic K57Q-SIRT3 mutant compared with SIRT3-WT or K57R-SIRT3 (Fig. 5E ). These results, together with in vitro deacetylation studies above (Fig. 5, A and  B) , indicate that acetylation of SIRT3 inhibits its deacetylase activity.
Because increased acetylation of LCAD in HFD mice is associated with its decreased enzymatic activity in the fatty acid oxidation pathway (16, 22) , we further tested whether SIRT3 acetylation affects liver acylcarnitine levels. Impaired ␤-oxidation results in accumulation of acylcarnitine, particularly longchain species (34) . Long-chain acylcarnitine levels in liver homogenates were increased by expression of K57Q-SIRT3 compared with expression of SIRT3-WT or K57R-SIRT3 (Fig.  5F ). Consistent with these results, the serum level of a ketone body, ␤-hydroxybutyrate, was decreased in mice expressing K57Q-SIRT3, compared with mice expressing SIRT3-WT or K57R-SIRT3 (Fig. 5G ). These results, together with in vitro studies above (Fig. 5B) , suggest that acetylation of SIRT3 at Lys 57 is associated with increased LCAD acetylation and increased long-chain acylcarnitine levels in HFD obese mice, indicative of impaired fatty acid oxidation.
Expression of K57R-SIRT3 reverses fatty liver symptoms in HFD obese mice
SIRT3-KO mice exhibit accelerated metabolic symptoms in response to chronic HFD feeding, which include adiposity, hyperlipidemia, insulin resistance, and liver steatosis (22) . Impaired fatty acid oxidation results in abnormal accumulation of triglyceride (TG) and pathological symptoms of fatty liver (35) . We therefore further investigated the effects of adenovirus-mediated exogenous expression of SIRT3-WT and its Lys 57 acetylation mutants on fatty liver symptoms in HFD obese mice.
In mice fed a HFD, body weight (supplemental Fig. S3A ) and liver size (Fig. 6A ), liver and adipose weights (supplemental Fig.  S3, B and C) , liver weight/body weight (Fig. 6B) , and neutral lipid content ( Fig. 6C ) and triglyceride levels in the liver (Fig. 6D) all increased as expected compared with lean mice fed a normal diet. Strikingly, expression of SIRT3-WT or the acetylation-defective K57R-SIRT3 largely reversed all the increases in HFD mice, whereas expression of the acetylation-mimic K57Q-SIRT3 mutant had little effect (Fig. 6, A-D) . Food intake was not markedly changed among groups (supplemental Fig.  S3D ). Impaired glucose regulation frequently occurs in liver steatosis (36) . Expression of SIRT3-WT or K57R-SIRT3 in HFD mice led to decreased fasting blood glucose levels ( Fig. 6E ) and improved glucose tolerance (Fig. 6F ), but expression of K57Q-SIRT3 had little effect. These results, taken together, suggest that hyperacetylation of SIRT3 in mice chronically fed a HFD contributes to symptoms of fatty liver.
Changes in mitochondrial function can cause altered gene activity in the nucleus (37) so that hepatic gene expression associated with fatty liver might be affected by acetylation of mitochondrial SIRT3. Indeed, expression of SIRT3-WT or K57R-SIRT3 in HFD mice significantly increased mRNA levels of fatty acid oxidation enzymes Cpt1 and Mcad; key gene activators of mitochondrial fatty acid oxidation, Pgc1␣ and Ppar␣; a key hormone promoting fatty acid oxidation, Fgf21; and ketogenic genes, including the rate-limiting Hmgcs1/2, whereas mRNA levels of lipogenic and pro-inflammatory genes were decreased (Fig. 6G) . In contrast, expression of the acetylation-mimic K57Q-SIRT3 had little effect on gene expression (Fig. 6G) . These effects on gene expression are consistent with the effects on fatty liver symptoms of the Lys 57 mutants of SIRT3.
Overall, adenovirus-mediated expression of SIRT3-WT or the acetylation-defective K57R mutant in livers of HFD obese mice led to remarkable metabolic effects with decreased adiposity and liver TG levels and improved glucose tolerance. Conversely, these SIRT3-mediated beneficial effects were not detected with the acetylation-mimic K57Q-SIRT3 mutant, leading to little improvement of the impaired fatty acid oxidation and fatty liver symptoms in HFD mice.
Discussion
In this study, we present evidence that SIRT3 is reversibly acetylated in the mitochondria and is a target of SIRT1 deacetylation. The acetylation level of SIRT3 is highly elevated in obesity and aging, conditions where SIRT1 function is low. SIRT3 is acetylated at Lys 57 , which leads to decreased SIRT3 deacetylase activity and protein stability. From metabolic studies utilizing adenoviral-mediated expression of SIRT3-WT or acetylationdefective or -mimic SIRT3-Lys 57 mutants in HFD obese mice, we further show that hyperacetylation of SIRT3 contributes to impaired fatty acid ␤-oxidation, liver steatosis, and glucose intolerance.
An unexpected finding of this study was that levels of mitochondrial acetylated SIRT3 are regulated by SIRT1, because SIRT1 is mostly a nuclear-cytoplasmic shuttling protein (38) that mediates fasting transcriptional responses by deacetylating histones and gene regulatory proteins in the nucleus (2, 3) and is not considered to be a mitochondrial protein. Detection of SIRT1 in mitochondria, however, has been previously reported (39, 40) . Consistent with these earlier studies, the present study provides proteomic, imaging, and biochemical evidence that that a minor fraction of SIRT1 is present in liver mitochondria and further directly interacts with SIRT3 under fasting conditions. SIRT3 acetylation levels were regulated by SIRT1 in vitro and in cells and increased in SIRT1-LKO mice in vivo. Because SIRT3 is a deacetylase, it is possible that the SIRT1 affects acetylation of SIRT3 indirectly by affecting SIRT3 levels or activity. However, results from in vitro and in-cell deacetylation studies indicate that this is not the case. Our experimental data support the conclusion that SIRT3 acetylation status is regulated by SIRT1 and is the first example of a sirtuin being a target of another sirtuin.
A significant functional consequence of acetylation of SIRT3 is decreased deacetylase activity. A single amino acid residue, Lys 57 , in the N-terminal domain of SIRT3, was identified as the acetylation site in dietary obese mice, and mutation of acetylation-mimic K57Q led to decreased SIRT3 activity. The catalytic domain of SIRT3 is located in the central and C-terminal regions, so acetylation at Lys 57 may alter the conformation of SIRT3 and inhibit the deacetylase activity. Allosteric modulation of SIRT1 activity has been reported, which is mediated through its N-terminal domain that binds STACs and SIRT1interacting proteins (12, 41) . Further, it was shown that obesitylinked phosphorylation of SIRT1 by CK2 at Ser 164 in the N-terminal domain inhibits its activity (10) . In the present study, expression of the acetylation-mimic K57Q-SIRT3 is associated with increased LCAD acetylation and long-chain acylcarnitine levels, indicative of impaired ␤-oxidation, which contributes to liver steatosis and glucose intolerance. A single-nucleotide polymorphism in SIRT3, V208I, in fatty liver disease patients, reduces SIRT3 activity, thereby playing a pathological role in liver steatosis and insulin resistance (22) . The basis for the decrease in activity of the Val 208 mutant is not known, but it could affect the conformation of SIRT3 as we suggest for acetylation at Lys 57 .
SIRT3 acetylation also has significant effects on protein stability. Overexpression of SIRT1 or the acetylation-defective K57R-SIRT3 mutant increased stability, whereas down-regulation of SIRT1 or overexpression of the acetylation-mimic K57Q mutant had the opposite effects. In biochemical studies, we observed that inhibition of proteasomal degradation with MG132 substantially increased SIRT3 levels (supplemental Fig.  S4 ). Further, expression of SIRT1 decreased, whereas downregulation of SIRT1 increased, ubiquitinated SIRT3 levels (supplemental Fig. S5 ), suggesting that the ubiquitin-proteasomal degradation pathway might be involved and regulated by SIRT1-mediated deacetylation of SIRT3. It is therefore possible that acetylated SIRT3 is targeted for ubiquitination and retrotransported from the mitochondria to the cytoplasm for proteasomal degradation, as has been observed for other mitochondrial proteins (42) , but further experiments will be necessary to fully elucidate the mechanisms by which SIRT3 acetylation promotes protein degradation.
SIRT1 deacetylates and increases expression of Pgc-1␣ and Ppar␣, both of which increase Sirt3 gene expression (22, 43, 44) , so that SIRT1 likely increases transcription of SIRT3. Consistent with this, we observed that mRNA levels of hepatic Sirt3 and Pgc-1a were decreased in SIRT1-LKO mice (supplemental Fig. S6 ). Further, SIRT1 occupancy at the PPAR␣-bound Sirt3 promoter was detected in fasted mice (supplemental Fig. S7 ),
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suggesting a direct role of SIRT1 in transcriptional induction of Sirt3 during fasting. Thus, SIRT1 appears to increase SIRT3 levels by at least two mechanisms: increasing transcription of Sirt3 and increasing SIRT3 stability via deacetylation. The relative importance of these two mechanisms remains to be determined, but because SIRT3 has a short half-life of ϳ30 -45 min, changes in SIRT3 protein levels via reversible acetylation could provide a rapid mechanism to respond to environmental cues.
Although deacetylation by SIRT1 regulates the acetylation status of SIRT3, the acetylation of SIRT3 could also play a role in determining the levels of acetylated SIRT3. Little is known about acetylation of mitochondrial proteins, even though global analysis has shown that nearly every major mitochondrial metabolic enzyme is reversibly acetylated (21, 45) . Because non-enzymatic acetylation of histones with acetyl-CoA occurs under physiological conditions (46) , SIRT3 could be acetylated by increased acetyl CoA levels. Mitochondrial acetyltransferases in vivo have not been identified, but Scott et al. (47) reported that GCN5L1 acetylase counteracts SIRT3 activities in regulation of mitochondrial function by promoting acetylation of SIRT3 targets, suggesting GCN5L1 is a mitochondrial acetyltransferase. Thus, it remains possible that acetylation of SIRT3 may be aberrantly up-regulated in aging and obesity and contribute, with decreased SIRT1 deacetylation, to the hyperacetylation of SIRT3 and consequently to elevated acetylation levels of mitochondrial proteins observed in these conditions (22) .
This study identifies SIRT3 as a target of post-translational acetylation, which is regulated by SIRT1. Hyperacetylation of SIRT3 in obesity and aging contributes to decreased SIRT3 activity, leading to increased LCAD acetylation, defective ␤-oxidation, and metabolic symptoms, including liver steatosis and glucose intolerance. Reversible mitochondrial protein acetylation is now recognized as a key metabolic regulatory mechanism (15, 16, 18, 32) . By targeting the hyperacetylation of SIRT3 in obesity and aging, depressed SIRT3 activity might be restored, and consequently, dysregulated mitochondrial function be improved. SIRT3 acetylation may thus provide a new therapeutic target for obesity-and other aging-related diseases associated with mitochondrial dysfunction.
Experimental procedures
Reagents and materials
Antibodies for SIRT3 (5490S), cytochrome c (11940S), and acetyl-Lys (9441S) were purchased from Cell Signaling; antibodies for SIRT1 (sc-47765), lamin (sc-20680), tubulin (sc-5274), GAPDH (sc-47724), GFP (sc-8334), and LCAD (sc-82466) were from Santa Cruz Biotechnology; and antibodies for SIRT1 (07-131) were from EMD Millipore, Inc. M2 antibody, M2 agarose, CHX, trichostatin A (TSA), and nicotinamide (NAM) were from Sigma. The siRNAs for SIRT1 (s96764 and s174220) were purchased from Applied Biosystems. Expression plasmids for SIRT3-WT and its H248Y mutant and SIRT1 H363Y mutant were obtained from Addgene. Purified recombinant SIRT1 was obtained from Sigma (cs1040).
Animal experiments
To develop diet-induced obesity, 8 -12-week-old C57BL/6J male mice were fed a HFD (42% fat; Harlan Teklad) for 16 weeks. For adenoviral experiments, adenovirus expressing SIRT3-WT-FLAG or Lys 57 mutants (2.5-5.0 ϫ 10 8 active viral particles in 100 l of saline) was injected via the tail vein, and 3 weeks later, the mice were sacrificed at approximately 9:00 a.m., and the livers were collected. Infection of mice with these viral doses does not cause marked inflammation (28, 48) . Ad-SIRT3-FLAG was constructed using mouse SIRT3-FLAG cDNA (49) inserted into the XhoI/HindIII site in the Ad-Track-CMV vector. For fasting/feeding experiments, the mice were fasted for 12 h and then fasted or refed a normal chow for 6 h. For the glucose tolerance test, the mice were fasted for 16 h and injected i.p. with 2 g/kg glucose (Sigma), and blood glucose levels were measured using an Accu-chek Aviva glucometer (Roche). Liver acylcarnitine and serum ␤-hydroxyl butyrate levels were measured as described (10) by metabolomics analysis in the University of Illinois at Urbana-Champaign Metabolomics Facility. All animal use and adenoviral protocols were approved by the Institutional Animal Care and Use and Institutional Biosafety Committees.
Tandem mass spectrometry
SIRT3-FLAG was expressed in mice fed a normal chow diet or a HFD by tail vein injection of Ad-SIRT3-FLAG. Five days after injection, the mice were sacrificed at 9:00 a.m., the mitochondrial fraction was prepared, and SIRT3-FLAG protein in the fraction was purified by binding to M2 agarose and then subjected to LC-MS or LC-MS/MS mass spectrometry-based proteomic analysis as described previously (7, 28, 29, 48) . LC/MS or MS/MS spectra were screened against the SIRT3 sequence using SEQUEST (Thermo Finnigan, San Jose, CA), and the identified acetylated peptides were confirmed by manual inspection of the MS2 and MS3 spectra.
Mitochondrial fractionation
Mouse liver mitochondrial fractions were prepared using a mitochondrial fraction kit (Active Motif, Inc.) according to the manufacturer's instruction with modifications. Mouse livers were collected in 10 ml of ice-cold PBS and minced with a razor blade. The minced tissue was washed with ice-cold PBS and resuspended in 3 ml of 1ϫ cytosolic buffer. The sample was incubated on ice for 15 min then transferred to a prechilled Dounce homogenizer. The tissue was homogenized by 20 strokes and centrifuged at 800 ϫ g for 20 min at 4°C. The resulting pellet was the nuclear fraction. The supernatant was centrifuged three times at 800 ϫ g for 10 min at 4°C to remove any residual nuclei. The supernatant was then centrifuged at 10,000 ϫ g for 20 min at 4°C to pellet the mitochondria. The resulting supernatant was centrifuged three times at 16,000 ϫ g for 20 min at 4°C to produce the cytosol fraction. The mitochondrial pellet was washed five times by resuspension in 300 l of cytosolic buffer and centrifugation at 10,000 ϫ g for 10 min at 4°C. The final mitochondrial fraction pellet was lysed by adding 100 l of mitochondrial buffer, incubated on ice for 15 min, and then vortexed for 10 s. All the buffers and solutions were supplemented with protease and phosphatase inhibitors,
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1 mM DTT, 1 M TSA, and 20 mM NAM. For IB analysis, 10 l of each cellular fraction of a total of 500 l, 1.5 ml, and 100 l for the nuclear, cytosolic, and mitochondrial fractions, respectively, were analyzed.
In-cell and in vivo acetylation assay
For in-cell SIRT3 acetylation studies, Cos-1 cells were transfected with plasmids as indicated and/or siRNA, and 36 -48 h later, the cells were treated with 1 M TSA and 20 mM NAM, in the presence or absence of 1 M MG132 for 3 h and harvested. Cos-1 cell extracts or mouse liver extracts were prepared by brief sonication of cell pellets or liver tissue in SDS-containing post-translational modification buffer (50 mM Tris-HCl, pH 8.0, 150 mM NaCl, 2 mM EDTA, 0.5% Nonidet P-40, 0.1% SDS, 5% glycerol) supplemented with protease and phosphatase inhibitors, 1 mM DTT, 1 M TSA, and 20 mM NAM. After centrifugation, supernatants were incubated with 1-2 g of antibodies for SIRT3 or pan acetyl-Lys for 2 h and isolated by binding to protein G-agarose. Bound acetylated proteins or SIRT3 were detected by IB using antibodies for pan acetyl-Lys or SIRT3, respectively.
In vitro fluorometric SIRT3 deacetylase activity assay
SIRT3-WT-FLAG (49) and FLAG-SIRT3 mutants (K57R or K57Q) were expressed in Cos-1 cells and immunoprecipitated with M2 agarose from mitochondria fractions, and the level of SIRT3 was determined by IB. The immunoprecipitated SIRT3-FLAG proteins were incubated with fluoro-substrate peptide (Abcam, ab156067) and increasing concentrations of NAD ϩ . SIRT3 activity was determined by measuring fluorescent emission at 460 nm, following excitation at 360 nm according to the manufacturer's instruction.
In vitro deacetylation assays
SIRT3-WT-FLAG (49), SIRT3-FLAG mutants (K57R or K57Q), FLAG-SIRT1, FLAG-SIRT1 mutants (S164D or H363Y), and FLAG-LCAD were expressed in Cos-1 cells and purified by binding to M2 agarose. Proteins were incubated with 50 l of acetylation buffer (Tris-HCl, pH 8.8, 5% glycerol, 50 mM NaCl, 4 mM MgCl 2 , 1 mM DTT) in the presence of 50 M NAD ϩ at 37°C for 1 h, and levels of acetylated SIRT3 or LCAD or input levels were measured by IB. Consistent results were observed from two independent experiments.
Histological microscopy
Frozen liver sections were stained with Oil Red O, and paraffin-embedded liver sections were stained with hematoxylin and eosin as described previously (28, 48) . Stained slides were imaged with a NanoZoomer Scanner.
CoIP and GST pulldown
Mitochondrial fractions were prepared from fasted or fed mice and briefly sonicated in CoIP buffer (50 mM Tris-HCl, pH 8.0, 150 mM NaCl, 2 mM EDTA, 0.5% Nonidet P-40, 5% glycerol) supplemented with protease and phosphatase inhibitors, 1 mM DTT, 1 M TSA, and 20 mM NAM. After centrifugation, the supernatant was incubated with 1-2 g of antibodies for 2 h, and 30 l of a 25% protein G-agarose slurry was added. 1 h later, samples were washed with CoIP buffer three times, and bound proteins were detected by IB. GST-pulldown assays were done as previously described (7, 28, 29, 48) . 1-2 g of GST-fusion proteins were incubated with in vitro synthesized proteins (Promega), and bound proteins were detected by IB. For construction of GST-SIRT3 plasmids, DNA fragments that contained different regions of SIRT3 sequences were amplified by PCR from the SIRT3 expression plasmid and cloned into the EcoRI and XhoI site of the pGEX-4T1 vector.
Construction of K57R and K57Q SIRT3 mutants
The acetylation-defective K57R-SIRT3 mutant and acetylation-mimic K57Q-SIRT3 mutants were constructed by site-directed mutagenesis (Stratagene) and confirmed by DNA sequencing. For construction of adenoviral SIRT3, SIRT3 DNA fragments were amplified by PCR from the SIRT3 WT or Lys 57 mutant expression plasmid and cloned into the XhoI and Hin-dIII sites of the AdTrack-CMV vector.
CHX study
Protein stability studies using CHX were done as previously described (7, 50) . Briefly, Cos-1 cells or primary mouse hepatocytes were transfected with expression plasmids for SIRT3-FLAG WT (49) or Lys 57 mutants, along with either SIRT1 WT or deacetylase activity-defective mutants, H363Y or S164D, or siRNA for SIRT1 (mixture of s96764 and s174220; Applied Biosystems) or control RNA, and then, 36 h later, cells were treated with CHX (10 g/ml) for times indicated in the figure legends. The cell extracts were prepared and SIRT3-FLAG protein levels were detected by IB.
Quantitative RT-PCR assay
Total RNA was isolated from liver by TRIzol (Invitrogen) and real-time RT-PCR was performed with an iCycler iQ (Bio-Rad) using SYBR Green PCR master mix. Target gene mRNA levels were normalized to those of 36B4. Primer sequences for quantitative real-time PCR are shown in supplemental Table S1.
Statistical analysis
Statistical significance between two groups was determined by Student's t test, and the mean Ϯ S.E. are presented. p Ͻ 0.05 was considered as statistically significant.
